INTRODUCTION
Isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) are important precursors of isopentenol, an attractive alternative to non-renewable fuels. 1 The biosynthesis of isopentenols provides a promising approach for the production of these environmentally benign biofuels. Furthermore, IPP is an imperative intermediate in the biosynthesis of isoprenoids, the largest group of natural products comprised of more than 25,000 compounds. Gram-positive bacteria require IPP as a source of these isoprenoids for essential cell development, and therefore the enzymes of the mevalonate pathway have emerged as important targets for the development of antimicrobial agents when antibacterial resistance is becoming increasingly profound. superfamily, characterised by a three layered protein architecture commonly referred to as the αβα sandwich, whereas the other four kinases belong to GHMP family characteristic with a phosphate binding loop (P-loop).
The AAK family is classified into two different subdivisions, the 'carboxylate' subdivision composed of N-Acetylglutamate Kinase (NAGK), carbamate kinase (CK), glutamate 5-kinase (G5K) and aspartokinase (AK) which catalyses the phosphorylation of carboxylate or 4 carbamate functional groups and the 'phosphate' subdivision comprising uridylate kinase (UK), fosfomycin resistance kinase (FomA) and IPK, which catalyses the phosphoryl transfer to a phosphate or phosphonate functional group. 3 Although the crystal structures of IPK have been resolved in complex with its native substrate and cofactor ATP, the location of Mg 2+ is either undetermined or elusive. 4 In order to elucidate the catalytic mechanism of IPK it is essential to locate the position of magnesium due to the critical effect of metal ion on the reaction catalyzed by the kinase.
Previously the catalytic mechanism of PMK, a GHMP kinase in the mevalonate pathway, was revealed using a combined QM/MM study. 5 It was found that reaction occurred via a direct phosphorylation mechanism and a positively charged residue, Lys101, stabilizes the negative charge at the cleaved β-,γ-bridging oxygen of ATP.
In the present work, we report determine the position of Mg
2+
and elucidate the reaction mechanism of IPK using a molecular dynamics (MD) study in conjunction with QM/MM.
Such crucial information on the reaction mechanism and key interactions in IPK provides the basis for bioengineering of the kinase for applications such as broadening the specificity of the enzyme or for the enhanced production of biofuels.
MATERIALS AND METHODS

Protein Preparation
The crystal structure of Thermoplasma acidophilum (THA) IPK in complex with ATP and isopentenyl phosphate was used as the initial model (PDB code: 3LKK). 4 Only the chain A was kept. Magnesium was manually added to the protein near the α/β/γ phosphates of ATP by superimposing with a structurally similar homologue FomA (PDB Code: 3QUN). 6 The missing segment 189-201 was built using Modeller v9.17.
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The protonation states of 5 titratable residues were assigned based on analysis from the proPka server 8, 9 and visual inspection of the local protein environment. The neutral form of His50 was used.
Molecular Dynamics Simulations
The AMBER 14 (University of California, USA) package was used for Molecular Dynamic
Simulations.
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ATP and isopentenyl phosphate were optimized with the Gaussian 09 package 11 (Gaussian, Inc.) using HF/6-31g(d). RESP charges were subsequently obtained using
Antechamber, a tool encoded in AMBER14 (Table S1 ).
The protein model was soaked with the TIP3P water box with a minimum distance of 10 Å to the boundary of the protein. was performed to relieve any van der Waals forces between the solvent water molecules and the protein. This was followed by a 2,500 steps of unconstrained minimization of the entire system whereby 1,250 steps of the steps descent method was followed by 1,250 steps of the conjugate gradient minimization.
The system was then heated slowly from 0 to 300 K for 250 ps using the Langevin dynamics with a collision frequency of 1.0 ps -1 . An equilibration simulation with no harmonic restraints applied was ran with a NVT ensemble and a periodic boundary condition for a further 50 ps at 300 K. A cut-off distance of 8 Å was set for non-bonded Van der Waals force while the Particle Mesh Ewald method was used to account for the long-range electrostatic interactions.
The SHAKE method was utilized to fix the covalent bonds associated with the hydrogen atoms within the system. 12 Four replicas of 100 ns production simulation for the kinase complex with a time step of 2 fs was performed utilizing the NPT ensemble at 300 K and a pressure of 1 atm. RMSD was performed on Cα carbons of the protein backbone.
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The mutants of IPK were generated using Discovery Studio (version 2.5) and MD simulations were run for 100 ns for each of the variant.
QM/MM Optimization
Representative conformations were obtained from the MD trajectory by cluster analysis. The structure with the highest occurrence and which appeared to be most catalytically viable was optimized using a two-layer QM/MM method implemented using ONIOM in Gaussian 09. 13 The systems were divided into two layers, namely the high layer (QM) and the low layer (MM). The high layer was optimized at the B97D/6-31G (d) level of density functional theory while the low layer was optimized by the Amber Parm99 force field. Electronic embedding was used to integrate the point charges of MM layer into the QM region to polarize the QM wave function and a quadratically convergent Hartree-Fock (QC-SCF) method was applied.
14 Residues within 6 Å of the active side were free to move while the rest of the system was frozen, implemented using the Tao protocol. 15 
Mg
2+
and the substrate are included in the QM region, as well as truncated nucleotide ATP with only the methyl-triphosphate tail kept. Three coordinated water molecules along with the structural water that is H-bonded with Thr163, Lys205 and the β-phosphate oxygen of ATP were also incorporated in the QM region. In addition, the side chains of His50, Lys5, Lys14, Lys205 and Thr163 along with Gly7 and Gly8 joined by an amine linkage were included in the high layer ( Figure S1 ). The total charge of the QM region was -1.
The RESP charges for ATP and IP used in MD simulations were adopted in the QM/MM optimization. The QM region was optimized using B97d 
RESULTS AND DISCUSSION
Conformational Changes of IPK with Substrate Binding
IPK belongs to AAK kinase family, which includes N-acetyl-L-glutamate kinase (NAGK), 17 the aspartokinase (AK) N-terminal domain, The ambiguity in the position of atoms determined from X-ray crystallography can be resolved by molecular dynamics, which presents the dynamic conformations of the entire system with time evolution. 22 Here MD simulations were utilized to describe the dynamic conformation of IPK while Mg 2+ ion is introduced in the catalytic centre. The RESP charges of the ligands in the IPK complex were calculated by single point energy calculations using HF/6-31G(d) (Supporting information Table S1 ). The RESP charges of ATP were collated with those reported in the Amber force field. 23 RMSD analysis on the protein backbone and ligands of IPK demonstrated that the protein complex structure reached equilibrium ( Figure S2 ). Ten representative cluster structures were obtained from cluster analysis performed for the last 10ns of the equilibrated trajectory and compared to the lowest energy structure (Table S2) .
High resolution crystal structures of IPK from Thermoplasma acidophilum (THA) in complex with the substrate and product were resolved. 4 A catalytic motif 'lysine triangle' comprised of Lys5, Lys14 and Lys205 was identified amongst IPKs. Lys14, one of the lysine residues in a "lysine triangle", was suggested to stabilize the transition state. Asp144 forms ionic interactions with Lys5 and Lys205. His50, a featured residue for the 'phosphate' subdivision of AAKs forms H-bonds with both the phosphate group of IP and the γ-phosphate of ATP, poising the ligands in a favourable conformation for phosphoryl transfer.
The phosphate group of IP also forms a H-bond with the backbone N-H of Gly45, which is located in a well conserved glycine-rich loop β2-αB and was suggested to stabilize the 9 transition states and phosphorylated products of the AAK kinases. 24, 25 Sequence alignment
shows that these residues are highly conserved among the "phosphate" subdivision of the AAK kinases ( Figure 2 ). Thr163 is arrayed similarly to form a H-bond with the β-phosphate of ATP. Thus Thr163 in IPK also plays an indispensable role to stabilize the flexible tail of ATP, and therefore facilitating the phosphoryl transfer.
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The "phosphate" subdivision of AAK kinases is characterized by a conserved serine residue Ser142 on the αE helix, which was suggested to stabilize the substrates. 4 The invariant serine residue Ser148 in FomA is H-bonded to the phosphate group of the substrate fosfomycin. 6 However, this stabilization function does not exist in the crystal structures nor is observed in the MD simulated structures of IPK. Instead, we found that Ser142 makes an H-bond with the carboxylate group of Asp145 ( Figure S3b and Figure S5b , replica 1 & 3, Figure 3a ).
It should be noted that in the crystal structures of both IP-ATP-IPK and IPP-ADP-IPK, 4 Lys204, Glu207 and Lys211 located on the αG helix are exposed ( Figure S5 ). During the time evolution of the MD simulations, an exposed lysine residue Lys204, which is adjacent to one of the catalytic triad residue Lys204 and close to the highly flexible exposed segment missing in the crystal structure, was found to switch inwards to form ionic bond with Asp145
( Figure S3c ). This structural rearrangement further causes another exposed residue Glu207 to turn inwards, forming ionic interactions with Lys204 ( Figure S3d , replica 2 & 4 and Figure   3e ). In the mean time, Lys211, which is also exposed in the crystal structure, flips inwards to on the αG helix also approach Glu207 to form ionic interactions ( Figure S4e, Figure 4a ).
However, the interaction between Lys204 and Glu207 observed in the substrate-bound complex is missing ( Figure S4d ). In addition, the ionic network formed between Asp145 on the αE helix with Lys204 observed in the substrate-bound complex is lost in majority of the snapshots of the ATP-Mg Figure S4f, Figure 4e ). Therefore, it appears that Ser142 and Asp145 on the αE helix, together with Lys204, Glu207 and Lys211 on the αG helix, may constitute a channel to mediate the substrate entry (Figure 4b ). After the substrate is bound (Figure 3f ), the channel is shut, locking the substrate into the catalytic site to complete the phosphoryl transfer. 
The Reaction Mechanism of IPK Revealed by QM/MM Calculations
Combined QM/MM studies are a powerful way to elucidating the mechanism of enzymecatalyzed reactions. 26 Cluster analysis was performed for the last 10 ns of the equilibrated MD trajectories and the most catalytically favorable structure with the highest occurrence was selected for further optimization using QM/MM optimizations ( . ATP was truncated with only the methyl-triphosphate tail kept.
The truncated catalytic triad residues Ly5, Lys14 and Lys205 as well as the two residues participating organizing the active residues His50 and Asp144 were included in the QM region. Our MD simulations disclosed that Thr163 functions to stabilize the phosphate tail of ATP and therefore it was also included in the QM region. In addition, Gly8 located at the other glycine-rich loop β1-η1 forms a hydrogen bond with the γ-phosphate oxygen of ATP and another glycine residue Gly7 forms a weak C-H-O H-bond with the β-phosphate. Since the β-,γ-phosphate groups of ATP are to be cleaved during phosphoryl transfer, these two glycine residues are also included in the high layer region. Except for the three coordinated water molecules, a fourth water molecule that formed hydrogen bonds with the β-phosphate oxygen of ATP.
In the optimized reactant structure of IPK, the distance between the γ-phosphate phosphorous In the crystal structures of IPK, the NH group of Gly8 on the glycine-rich loop is H-bonded with the γ-phosphate oxygen (around 2.83 Å). Notably, it moves away from the terminal γ-phosphate and gradually approaches the β-,γ-bridging oxygen during phosphorylation, being 3.42 Å, 3.13 Å and 3.04 Å away from the bridging oxygen in the QM/MM optimized reactant, TS and product complexes, respectively. Thus we propose that Gly8 also plays a crucial role in stabilizing the transition state during phosphoryl transfer. Ser142 is H-bonded with Asp145, which in turn interacts with Lys204, Glu207 and Lys211 via an ionic interaction network. Thus Ser142 may regulate the substrate entry rather than substrate binding.
17
The (Table S3) Figure   2 ) between IPK and other AAK kinases in the "phosphate" subdivision such as FomA suggests they may share similar mechanisms.
Impact of Mutation of Catalytically Relevant Residues in IPK
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Among all the AAK family members, FomA is most structurally similar to IPK. 6 Kinetic studies revealed that a K18A mutant in FomA (corresponding to the conserved residue K14
in IPK) resulted in no detectable activity in the enzyme. In order to validate that Lys14 is also crucial for the substrate binding in IPK and the kinase's activity, MD simulation was run for the K14A variant. From our MD simulations of the K14A mutant it can be seen that the hydrogen bonds formed between His50 and the phosphate group of IP and the γ phosphate of ATP in the WT kinase are now broken (Figure 7c and Figure S7 ). As a result, His50 is pulled away from the active site of IPK and forms a hydrogen bond with the side chain of Asn196.
Thus it is evident that Lys14 plays a crucial role in maintaining a catalytically competent active site architecture. Based on our QM/MM study on the catalytic mechanism of IPK Gly8 was suggested to play an important role in stabilizing the TS of the reaction mechanism. We also run MD simulation for G8A and found a notable conformational change for His50, which is shifted away from the active site. The steric hindrance generated by mutating glycine into a bulkier alanine group pushed His50 away from the active site. Further, the H bond formed between the NH group of Gly8 and the β-,γ-bridging oxygen of ATP in the WT kinase is lost when Gly8 is replaced by alanine (Figure 7b and Figure S7 ). This indicates that the flexibility induced by Gly8 in the WT kinase is essential to tether the catalytic His50 in the proximity of the catalytic pocket, enabling the phosphorylation reaction to occur.
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From the MD simulations of the WT ATP-Mg
2+
-IPK complex we found that Thr163 plays a crucial role in stabilizing the flexible tail of ATP by forming a H bond with the β-phosphate of the nucleotide. To validate this effect MD simulation was performed for a T163A mutant.
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We found that similarly to the K14A and G8A mutants, catalytic residue His50 no longer maintains its position in the active site of IPK (Figure 7d and Figure S7 ). Since the hydroxyl group of threonine side chain is replaced with a methyl group of alanine no hydrogen bond is formed with the β-phosphate of ATP. Interestingly, we found the ionic bridge formed by Asp145 and Lys204 observed in the WT kinase is lost in all these mutants. This further indicates the non-conserved second sphere residues such as Asp145 and Lys204 play indispensable role in stabilizing the substrate in the catalytic site.
To evaluate the role of the second sphere residues K211, S142 and K211 in the substrate binding, we also run MD simulations for the K211A, S142A and K211A variants. We found that His50 moves away in K211A; In S142A and K211A, the salt bridge between Asp145
and Lys204 is broken, although His50 remains in proximity to the ATP and IP substrates ( Figure S8 ).
CONCLUSIONS
The biosynthesis of isopentenols provides a promising approach for the production of environmentally benign biofuels. IPK catalyses the Mg 2+ -ATP dependent phosphorylation of IP to produce IPP, an important precursors of isopentenols. However, the electron density of a Mg 2+ ion could not be unambiguously assigned to crystal structure of IPK, which has limited our understanding the catalytic environment and the mechanism of the phosphorylation reaction.
In the present study, we built a Mg Furthermore, we propose that a highly conserved residue Gly8 on a glycine-rich loop, together with Lys14 on the catalytic lysine triangle, plays a crucial role in stabilizing the transition state during phosphoryl transfer. These findings provide the atomic-level basis for rational bioengineering of IPK or other related kinase for the production of biofuels.
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